Polyelectrolyte multilayers assembled from hyaluronic acid (HA) and poly-L-lysine (PLL) are most widely studied showing excellent reservoir characteristics to host molecules of diverse nature; however, thick (HA/PLL)n films were often found cell-repellent. By a systematic study of the adhesion and proliferation of various cells as a function of bilayer number 'n' a correlation with the mechanical and chemical properties of films is developed. The following cell lines have been studied: mouse 3T3 and L929 fibroblasts, human foreskin primary fibroblasts VH-Fib, human embryonic kidney HEK-293, human bone cell line U-2-OS, Chinese hamster ovary CHO-K and mouse embryonic stem cells. All cells adhere and spread well in a narrow 'cell-friendly' window, identified in the range of n=12-15. At n<12, the film is inhomogeneous and at n>15, the film is cell-repellent for all cell lines. Cellular adhesion correlates with the mechanical properties of the films showing that softer films at higher 'n' number exhibiting a significant decrease of the Young's modulus below 100 kPa are weakly adherent to cells. This trend cannot be reversed even by coating a strong cell-adhesive protein fibronectin onto the film. This indicates that mechanical cues plays a major role for cell behaviour, also in respect to biochemical ones.
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Introduction
Substantial parts of current research in the field of biomedicine and tissue engineering focus on developing bioactive materials that would efficiently control cell behaviour on their surface. The characterisation of cell behaviour is based on the study of relevant cellular mechanisms and includes processes such as adhesion, spreading, proliferation and migration, of cells. In addition, the understanding of molecular details such as actin polymerization, integrin clustering, signal transduction of cells at interfaces is crucial for the design of biomaterials. [1, 2] Along these lines, the approach to the understanding of cells has begun to expand its horizons from the classical biochemical to biomechanical ones. In this context, the field of mechanobiology has started gaining rapid momentum in recent years, extending its applications to the areas of cell engineering and regenerative medicine. [3] [4] [5] Such studies pertaining to mechanobiology have gone a long way in exploring concepts related to not only known cellular events but also complex processes like morphodynamics [6] , tissue development [7] as well as cell-induced stresses [8] .
Thus, to understand cell behaviour on surfaces, suitable biomaterials that support enhanced cell growth as well as those that provide flexibility for engineering to tailor the test parameters with conducive features (such as stability, biocompatibility and reservoir features)
become attractive. The layer-by-layer (LbL) method introduced for the deposition of PEM films renders simplicity, robustness and versatility in the fabrication process. [9] [10] [11] [12] Polyelectrolyte multilayers (PEMs) have become immensely popular among biomaterial scientists, as these systems offer a wide range of possibilities to tune their physico-chemical properties and to achieve high reservoir capacity. [13] [14] [15] [16] The mechanisms of PEM growth and loading with bioactive molecules is, however, still not well understood. [17] [18] [19] [20] Despite strong attraction of the films from the application point of view, it is found that variation of the film physico-chemical properties significantly influences the behaviour of cells grown on them. Various studies [21] [22] [23] [24] [25] [26] [27] [28] [29] have been already done to check the response of different cell types on these PEMs. Table ST1 (supporting information) gives an outline of the most significant studies covering PEM-cell interactions. Most of these studies suggest that the film physico-chemical properties have a profound influence on different events related to cellular behaviour, which extends even up to the complex differentiation process. However, there is no systematic study on the effect of cellular response as a function of bilayer number 'n' that is the main variable allowing an effective tuning of the film properties.
In the current study, the model PEM system, hyaluronic acid/poly-L-lysine (HA/PLL) has been exploited to test the behaviour of different cell types in terms of their adhesive, spreading, and proliferative capacities. HA/PLL possesses unique characteristics that distinguish it from other PEM systems, and is one of the most investigated exponential-like growing systems, whose thickness may easily reach micrometer dimensions [24] offering perfect reservoir properties for biomacromolecules (proteins, DNA, etc) as well as nano-and microcarriers (liposomes, capsules). [30] [31] [32] [33] [34] [35] Hence, this system was chosen to test the response of diverse types of cells in a systematic manner by tailoring the PEM properties by the bilayer number 'n'. For the first time, we report a 'cell-friendly window' for HA/PLL films where the films are cell adhesive for all the tested cell lines. This 'window' could be exploited for selective growth, targeted release and other potential studies combining controlled cell growth on the HA/PLL films. Such studies become very essential in order to understand the fundamental aspects of cellular response to soft PEM films and to exploit the films for future biomedical applications.
Experimental Section

Materials
Poly-L-lysine hydrobromide (Mw 24 kDa), poly-L-lysine -FITC labelled (Mw 15-30 kDa), poly(ethyleneimine) (Mw 750 kDa), Poly(allylamine hydrochloride) (Mw 56 kDa), poly(sodium 4-styrenesulfonate) (Mw 70 kDa), Tris base and sodium chloride were purchased from Sigma, Germany and used without further purification. Dried sodium hyaluronate (Mw 360 kDa) was from Lifecore Biomedical, USA and hydrochloric acid from Merck, Germany.
The water used in all experiments was prepared in a three-stage Millipore Milli-Q Plus 185 purification system and had a resistivity higher than 18.2 MΩ cm. The 12mm (diameter) round coverslips (Size No. 1) were purchased from Marienfeld GmbH, Germany and Hellmanex II from Hellma Analytics, Germany.
HA/PLL film fabrication and characterization
The PEM films (HA/PLL)n, where 'n' refers to the number of bilayers, were fabricated using a dipping robot, purchased from Riegler and Kirstein GmbH, Germany. The PEs (PLL, HA, PSS, PAH and PEI) were prepared at a concentration of 0.5 mg/ml in film wash buffer (FWB -10 mM Tris, 15 mM NaCl, adjusted to a pH of 7.2 with 1 M HCl). HA was heated to 60°C for 15-20 min under constant stirring to ensure complete dissolution. The dissolved PEs were filtered through a 0.45 µm syringe filter to remove impurities. The glass coverslips used for deposition were inserted in in-house-designed teflon holders and cleaned by consecutive incubations in hot solutions (60°C) of 2% Hellmanex, 1 M HCl (as Hellmanex is a strong detergent that could not be removed easily by gentle rinsing) and water, under stirring for 15 min in each solution, followed by adequate rinsing with copious amounts of water to remove traces of detergent and acid remaining on the surface. The film build-up was carried out at RT by alternate dipping of the cleaned surfaces in each of the PEs for 10 min, with intermittent rinsing thrice with FWB, each lasting 3 min (thus, totally 9 min between every PE step). An initial coating of PEI, also at the same conditions as other PEs, was done for all the samples before the actual deposition begun.
The CLSM images were obtained using a Leica confocal scanning system mounted onto a Leica Aristoplan and equipped with a 63x oil immersion objective with a numerical aperture of 1.4. The images obtained were analysed using LCS software. Measurement of elastic properties of the HA/PLL film have been performed using the colloidal probe technique as described in [36] .
To quantify the amount of PLL in the film, the film prepared with PLL-FITC was removed nm, and the emission was measured at 520 nm with a slit value of 2 nm. The amount of PLL in the film was measured via a calibration curve using PLL-FITC solution.
Cell experiments
Mouse fibroblasts (subcutaneous) L929 (ACC 2), mouse fibroblasts (embryo) 3T3 The cells were cultured as detailed in Table 1 . The cells were monitored for their adhesion and spreading by microscopic analysis. The phase-contrast images of the cells on the films were captured 3 days after cell seeding. The images were treated using Cell^R software, and the total number of spread cells in various microscopic fields was counted to deduce the spreading percentage. The total area occupied by the cells on the surface was also calculated using the software options. In the same manner, the size of the round cells was also calculated by measuring the cell diameter.
Live cell imaging
For live cell imaging experiments, the 'experiment manager' tool of the Cell^R software was exploited to make automated snapshots during defined intervals, namely every half-hour in this case. The various options of Cell^R such as automated stage movement combined with time-lapse and autofocus enable live cell data acquisition. The seeding of cells in a climate chamber with controlled gas and temperature conditions ensures precise monitoring of the cell response from the point of seeding until the end.
Cell viability -Trypan blue test
The viability of the cells was assessed by the trypan blue exclusion test on monolayer cells. Trypan blue (0.5%, w/v) diluted with PBS (1:1) was used for the test. The medium was carefully removed from the cells on the film and gently washed twice with PBS. The buffer was discarded, 300 µl of trypan blue was added to cover the monolayer and incubated for about 8 min. Then, the residual dye was removed by PBS wash. The sample was observed under a microscope for dead cells that stained blue.
Cell proliferation
WST assay according to the manufacturer's protocol.
Fibronectin coating
Differing fibronectin concentrations (1 µg/ml, 10 µg/ml and 100 µg/ml, diluted in millipore water) were used to coat the films and to incubate at 37°C for 1 h. Simultaneously, a control uncoated glass coverslip was also coated with 10 µg/ml fibronectin. After incubation, the surfaces were rinsed with Millipore water and subjected to cell seeding. Images were recorded after 30 min, 1 h, and then onwards every 12 h.
Counting of embryoid bodies
The mESCs were maintained in Petriplates before their seeding on surfaces. The Petri plates were covered with 0.1% gelatin overnight before seeding. The gelatin was removed and medium was added to the petriplate during cell seeding. To estimate the number of embryoid bodies on different surfaces, the cell medium containing these bodies on the films was taken and sedimented in a 15 ml Falcon tube by centrifuging at 800 rpm for 5 min. The supernatant was carefully removed and the embryoid bodies were suspended again carefully in 2 ml of fresh medium. The medium containing embryoid bodies was transferred to an ibidi µ-dish and the number of embryoid bodies (which would be distinctly visible as huge cell clumps) was counted using microscopy.
Results and Discussion
Response of L929 cells to HA/PLL film
Of the several methods available for LbL build-up like dip coating, spin coating, spraying, etc., the most commonly used one to date is dip coating [37] due to its efficiency, economy, speed and reliability. Hence, dipping was chosen as the suitable method to deposit HA/PLL films in this study. The (HA/PLL)n films have been fabricated, with 'n' referring to the number of bilayers, where one bilayer corresponds to one complete deposition step, indicating the combined steps of complete polyanionic (HA) and polycationic (PLL) immersion events, together with the intermittent rinses. Further, to show the film sequence we will indicate either the 'n' number or the number of bilayers (bL). All the (HA/PLL)n films have been terminated with PLL. The prepared films were used directly for cell seeding after a thorough gentle rinse with Millipore water in order to remove excess of unbound salts from the surface.
In this study, the interaction of different types of cells with HA/PLL films was tested in terms of their adhesive, spreading and proliferative behaviour. Firstly we have focused on the response of one cell type (L929 fibroblasts cells), and the establishment of a correlation between the film properties and cellular behaviour. bL, L929 cells rarely form clumps; when they do, the clumps are larger (138 ± 29 µm, in diameter) and fewer in number, whereas on the 24 bL films, these clumps are relatively smaller (66 ± 11 µm, in diameter, less than almost half compared to those on 12 bL) and higher in number. However, the size of the unspread, attached round cells on 12 and 24 bL do not differ.
On 12 bL these cells are 17±2 µm in size, and on 24 bL the average size was 15±2 µm. A change in the terminating layer (HA instead of PLL) does not alter the adhesive response of the cells on 12 and 24 bL, thus indicating that certain bulk features of the films play a dominant role for cell adhesion rather than surface chemistry of the films. [38] Next to cell adhesion as a response to a surface, it is essential to mark a difference in the proliferative capacity of the cells. Along these lines, the proliferation of cells on the films was tested, and the results of a cell proliferation assay are shown in Figure 2a (bL number vs.
cell number). As can be seen from the graph, the proliferation of L929 cells on 3 and 6 bL is comparable to that of the control uncoated glass, while from 9 bL the proliferation starts decreasing (almost about 50 % of the control). On 12 bL the proliferation is around 35 % of that of the control, while from 15 bL the values reach less than 20 %. The reduction of proliferation of the cells can be attributed to a retarded metabolism of the cells when they are on a unfavourable surface. [33] The stiffness of (HA/PLL)n films with varying bL number is summarized in Figure 3a .
To quantify the mechanical properties of bL of different numbers 'n', the elastic modulus of the films was measured by colloidal probe force spectroscopy. [42] As expected, smaller elastic (Fig. 3a) . Fig. 3 .
Overall, the variation of the mechanical properties correlates with changes in cell adhesion and proliferation, i.e., on relatively soft surfaces (> 15 bL) the cells show very little or no adhesion, while on stiffer surfaces (≤ 15 bL), the cells exhibit reasonable adhesive and proliferative characteristics ( Fig. 1 and 2a) . The threshold corresponds to the Young's modulus of 100 kPa (15 bL). Fibroblasts' repellence to soft films is a well-established phenomenon, and a number of studies already showing that fibroblasts tend to adhere on surfaces with increased rigidity strongly support these findings. [3, 43] As a control, the adhesion of 3T3 and L929
fibroblasts over 12 and 24 bL of PSS/PAH films was tested ( Supplementary Information, Fig.   S1 ). The PSS/PAH films are known to be a linearly growing system with low polymer hydration and thus are much stiffer than HA/PLL ones. The terminating layer (PAH or PLL) brings to these films similar chemical composition of the film surface because both polycations have a primary aminogroup. Thus, the PSS/PAH film may be considered as a reference system which differs by softness. [44] In the case of PSS/PAH films, the cells adhere and spread well over both 12 and 24 bL, suggesting that softness plays an important role in determining the adhesion of cells on surfaces. The results agree with the widely accepted concept in the field of mechanobiology that living cells change their structure and functions as a response to surface softness [1, 45] , and that a variety of physiological processes occurring in the cell is influenced by the mechanical stress exerted at cell-substrate and cell-cell interfaces. [46] One could assume that an increase of film softness with increase of the bL number might be associated with differing water content in the film. In other words, the polymer density in the film might vary depending on the layer number. However, it has been recently shown that softness of the HA/PLL film as measured by colloidal probe force spectroscopy and nanoindentation is not changed in the range of bilayer number from 12 to 96. [47] In order to prove this, we have compared film thickness and polymer (PLL) content in the film at different bL number (Fig. 3c, 3d) . A linear correlation is established between the thickness of the dried films and the PLL content in the wet films (the slopes for the linear part of the growth profiles are the same). By assuming that the dried films lose water molecules independent of the bL number, the linear correlation would imply that the films possess the same polymer density.
Thus, taking into account the conclusions above, the cell behavior noticed can be clearly attributed to the film mechanical properties. We exclude that leaching of PLL from the film (PLL is mobile polymer) does affect cellular response because for cellular studies the films were exposed to cell culture medium for a long time.
Response of various cell types
The next obvious question that would arise is, whether this kind of behavior of cells Along the aspects mentioned above, it would be interesting to check if cell types like stem cells also show some difference in their response when cultivated on 12 and 24 bL films.
Stem cells are more demanding in respect to the cultivation conditions in comparison to standard cell lines, and hence respond highly sensitive when testing any material for biomedical applications. In this regard, the adhesion and growth of the mES cell line E14 was tested on (HA/PLL)n films. The results obtained by the cell seeding experiments are summarized in Figure 6 . After 36 h, the cells on 12 bL formed small clumps (Fig. 6a) , resulting from the aggregation of individual cells. These clumps grow in size over time. After 5 days, they become big clumps reaching diameters even bigger than 100 µm (Fig. 6g) . On 24 bL, the cells remain attached as individual entities (Fig. 6b) , and also over time remain independent, or at the most, form only very small clumps (Fig. 6h) . On a control glass coverslip with no film coating, these non-differentiated cells formed well-defined colonies of characteristic shape and a partial 3-D structure (Fig. 6i) . Similar morphological observations were reported for mES cell line D3 cultivated over surfaces containing PEI or PLL with some extracellular matrix (ECM)
proteins. [48] Fig. 6.
The cell clumps of varied size correspond to the embryoid bodies that most probably result from cell-cell interaction in stem cell colonies. [49] Such embryoid bodies are usually formed by stem cells as three-dimensional structures, [50] when the intercellular interactions (be it direct contacts between cells or indirect via the ECM) play a dominant role. The role of these embryoid bodies in in vivo systems is noticeable as precursors, from which spontaneous differentiation of stem cells into a large variety of cell types occurs. [51] The size and attachment properties of such embryoid bodies formed over 12 and 24 bL films also differ from each other.
For example, on 12 bL, large, few (in number) clumps are noticed, whereas over 24 bL, these clumps are small, more in number and remain partially attached to the surface. The size of the embryoid bodies on 12 bL (138 ± 29 µm) was almost double as those on 24 bL (67 ± 11 µm).
Yet another noticeable aspect here is the difference in morphology of the cells in the uncoated regions outside the 12 and 24 bL films. This effect is illustrated in Figure 7 . The cells outside the 12 bL spread well on glass; the spreading increases over time and after 5 days, they resemble almost those grown on the control surfaces without any film in the vicinity (Fig. 6i and Fig. 7 ). On the other hand on 24 bL films even these cells outside the film on glass are not able to spread well and they form embryoid bodies, just as in the case of cells grown on the 12 bL films. This effect could be attributed to certain biochemical signalling occurring between the cells grown on the film and on the glass in the vicinity of the film. Thus, the role of soluble factors in cell-PEM interaction is seen to modulate the growth and spreading of the neighbouring cells as well. Fig. 7 .
Effect of Fibronectin coating
Another interesting feature to be noted from the adhesion and spreading behavior of different types of cells to HA/PLL films is that the response does not depend on treatment procedures affecting surface properties like terminating deposition step or pre-treatment (related to the rinsing protocols used to clean the surfaces before film deposition)
( Supplementary Information, Fig. S2 ). In this context, it becomes interesting to notice, if some ECM proteins like fibronectin could bring about a change in the adhesive and spreading behavior of cells grown on these surfaces.
Fibronectin is not able to bring about any change in the behaviour of cells on soft films
( Supplementary Information, Fig. S3 ). Even a high concentration of a cell-adhesive protein like fibronectin (100 µg/ml in solution, used to coat 1 cm 2 of the surface), about 10 times higher than that normally used for coating a cell culture dish) does change the spreading behaviour of cells. We expect that fibronectin is adsorbed on the film surface, because many of the model proteins, independent of their charge and size, have high affinity to the HA/PLL film. [35] On 12 bL, it can be seen that both 3T3 and L929 cells, with ( The results indicate that cell adhesion and spreading on HA/PLL films can be independent of fibronectin binding to the film surfaces. In other words, HA/PLL films influence cell behaviour in a manner independent of ECM protein interaction, and this highlights the dominance of substrate mechanics in cellular response. However, the probable unfolding of fibronectin molecules [52] due to their interaction with the polyelectrolytes in the presence of salt stored in the film or polyelectrolytes as film constituents is not to be excluded. The resulting cellular response is to be considered as an outcome of the interplay between the mechanics and biochemistry of the cellular microenvironment. It should also be mentioned that there are currently no data available on biochemical pathways leading to such cellular responses on soft films, which stimulates further work in these directions.
'Cell-friendly window'
From the response of diverse cell types to the HA/PLL films, we propose a narrow 'cellfriendly' window for this PEM system, as represented in Figure 8 . The window is between 12 and 15 bL for HA/PLL films for favourable cell spreading under the experimental conditions chosen (Fig. 8, green-coloured region) . For all cell types tested, the adhesive and spreading behaviour of the cells does not depend on post-treatment of the substrate with fibronectin as a representative protein for promoting cell adhesion. Also, other manipulations like pre-treatment of surfaces for film deposition ( Supplementary Information, Fig. S2 ) and presence of serum in cell culture medium ( Supplementary Information, Fig. S4 ) did not alter this window. Below this window region (Fig. 10, yellow-coloured region) , the films get deposited as islands, and are not homogeneous (Fig. 3b) . Hence, despite the good cell adhesive nature of this region, the HA/PLL film with n<12 cannot be considered as suitable films for bio-applications. Likewise, above this window (Fig. 10, orange-coloured region) , the HA/PLL films are homogeneous in morphology, but they do not support cell adhesion (Fig. 1, 4 and 5) . However, this region is very attractive due to its reservoir capacity and hence, it shall be certainly useful for loading and delivery of desired biomolecules. It is obvious that the higher the bL number, the thicker the film is, and hence, the higher the capacity to embed molecules in its interior. [53, 54] Fig. 8.
Future perspectives
The extension of the identified 'cell-friendly' window is desirable to exploit the high reservoir capacity of the PEM films to be used for biologically relevant applications. In other works from our group, we have shown ways to extend this 'cell-friendly' window by varied approaches, namely mechanical reinforcement of films [36, 55] or microfluidic-assisted 3D cell patterning. [42] It seems that improvement of cellular adhesion by changing the chemical composition on the surface of soft HA/PLL films (e.g. adsorption of additional layer of celladhesive polymer) does not represent a rational approach to make the films cell-adhesive.
Mechanical reinforcing or templating may be rather promising for this purpose.
When properly exploited, this extended 'cell-friendly window' can be used for targeted release (making use of the reservoir properties of the film) to locally deliver biomolecules to desired cells. Bioactive molecules can be loaded directly into the preformed PEMs (postloading) [35] or trapped as constituents of the film during the LbL assembly process (embedding). [56] [57] [58] [59] Another option is to load the PEM films with carriers encapsulating the biomolecules. These carriers might be polyelectrolyte microcapsules [60] [61] [62] or, in principle, protein microparticles, which can be formulated into a particular form at mild conditions. [63, 64] Additionally, the biomolecule-loaded films may be exploited for non-invasive release (e.g.
light-triggered, [65, 66] since a number of stimuli-sensitive release methods have already been reported. [14, [67] [68] [69] It has already been demonstrated that the developmental fate of the pluoripotent stem cells is determined not only by soluble factors, but also by the ECM. [70] Thus, the HA/PLL films could be conceived as a potential extracellular 'niche' for the growth of these cells (not only in terms of their reservoir capacities for growth factors and differentiation molecules, but also as a matrix to modulate the interaction via integrin and other cell adhesion molecules, that shall influence the expression of relevant signalling molecules needed for the metabolic regulation).
In terms of differentiation, in addition to the ECM environment, the films might also determine the developmental pathway of the stem cells [71] by directing their differentiation in an autocrine Finally, it becomes evident that a systematic understanding of the PEM-cell interaction would go a long way in bridging the gap between material science and cell biology.
Conclusions
In this study, we have defined a narrow 'cell-friendly' window for the HA/PLL film - (5 X 10 3 cells/cm 2 ) grown on 12bL; b1, b2 -color of the medium metabolized by cells seeded at a high density of (2 X 10 4 cells/cm 2 ) grown on 12bL; c1, c2 -color of the medium metabolized by cells seeded at a low density of (5 X 10 3 cells/cm 2 ) grown on 24bL; d1, d2 -color of the medium metabolized by cells seeded at a high density of (2 X 10 4 cells/cm 2 ) grown on 24bL; x1, x2 -controls of cells grown on an uncoated glass coverslip at a density of (5 X 10 3 cells/cm 2 ) and x3 -control of cells grown on uncoated glass coverslip at a high density of (1 X 10 4 cells/cm 2 ) The original medium contains phenol red, an pH-indicator, whose color changes from pink-purple (as in d1 or d2) to pale yellow (as in x1 and x2 or x3) as the cells in these wells metabolize the medium. 
